protein purification. RadA to RadB to be 4:1, which suggests that the proteins interact with a specific stoichiometry.
Introduction

64
Homologous recombination is one of the principal pathways to repair deleterious DNA damage 65 such as double-strand breaks. The basic mechanism of homologous recombination, comprising 66 homologous base-pairing and a strand exchange reaction, is similar in all forms of life, however it 67 varies in complexity and enzymology. Various enzymes participate in the recombination process, is more similar to the eukaryotic Rad51 protein (~40% amino acid identity) than to its prokaryotic 72 counterpart RecA in eubacteria (~20% amino acid identity) (3, 5, 6) . Crystallographic structure 73 analysis of archaeal RadA has contributed significantly to our understanding of the structure and 74 function of eukaryotic Rad51 (7, 8) . Various accessory proteins also participate in the strand 75 exchange reaction and these are usually termed recombination mediators. Many recombination 76 mediators are encoded by genes that arise as a result of a duplication event within the genome, and 77 are termed paralogs. In yeast, the paralogous proteins Rad55 and Rad57 share some similarity to
78
Rad51 and function as a heterodimeric complex which may stabilize the Rad51-assembled 79 nucleoprotein filament (9). Five Rad51 paralogs, XRCC2, XRCC3, RAD51B/RAD51L1, 80 RAD51C/RAD51L2, and RAD51D/RAD51L3, are found in eukaryotes. These paralogs form 81 various heteromeric complexes, mostly dimers such as RAD51B-RAD51C, RAD51D-XRCC2,
82
RAD51C-XRCC3 or tetramers such as RAD51B-RAD51C-RAD51D-XRCC2 (10).
83
The identification and characterisation of RecA-like proteins in both crenarchaea and euryarchaea 84 shows that, in common with eukaryotic Rad51, archaeal RadA proteins exhibit a high level of 
88
RadB was the first RadA paralog to be characterised in archaea and its presence is confined to the 89 Euryarchaeota. RadB lacks the N-terminal domain of RadA (11) and strand exchange activity (12).
90
Interaction of RadB with RadA has been demonstrated in Pyrococcus furiosus (Pfu) and it was 91 proposed that RadB functions in a manner analogous to the yeast Rad55-57 proteins in the strand 92 exchange reaction (12) . Genetic analysis of radB from the euryarchaeon Haloferax volcanii (Hvo)
93
demonstrates that RadB functions in the homologous recombination pathways in concert with 94 RadA (13, 14).
95
Hvo RadB has been successfully over-expressed in Escherichia coli (15) and both Hvo RadA and
96
RadB proteins have been purified after conditional over-expression in their native host (16, 17) . A 97 recent study has confirmed the in vivo interaction of Hvo RadA and RadB, exploiting mass 98 spectrometry to identify co-purifying proteins following IMAC chromatography (18). However,
99
both quantity and purity of the resulting proteins has been insufficient for structural and 100 biochemical analyses previously described for other DNA-associated halophilic proteins such as
101
Hvo PCNA and RPA3 (19, 20) . Additionally, when over-expressed in E. coli, recombinant Hvo
102
RadA has also been found to co-purify with DNA, providing further impediments to downstream 103 analyses since conventional approaches to remove contaminating DNA, such as denaturation and 104 nuclease treatment, are likely to be detrimental to subsequent characterization [17] .
105
The study of recombination proteins in the hyperthermophilic crenarchaeon, Sulfolobus tokodaii 106 (St), has shown that over-expression and characterization of StRad55B, a paralog of StRadA, was 107 possible only when it was co-expressed with StRadA protein (21). We therefore explored co- 
Materials and Methods
117
Bacterial strains, plasmids and growth conditions.
118
E. coli chemically competent strains DH5α™ (Invitrogen) and Rosetta 2 (DE3) (Novagen) were 119 used for cloning and gene expression, respectively. The PCR-amplified target gene was cloned 120 first into the Zero Blunt PCR vector (Invitrogen) and sequenced to exclude amplification errors.
121
The pET11 expression vector (Novagen) was used when single overexpression of radA or radB 122 was desired. For co-expression and purification of RadA and RadB, the E. coli Rosetta 2 (DE3) 123 strain was transformed with pET-Duet-1-based plasmid constructs (Novagen).
124
Bacterial cultures were grown at 37°C in Luria-Bertani (LB) broth in a shaking incubator or on 125 LB agar plates supplemented with ampicillin (100 μg ml -1 ), chloramphenicol (34 μg ml -1 ) or 126 kanamycin (34 μg ml -1 ) as appropriate. proteins. An overnight culture was inoculated into baffle flasks containing 2.4 L LB broth Superdex 200 (S200) preparative column (GE Healthcare) using an ÄKTA Prime Plus system.
176
The column was pre-equilibrated and run using size exclusion chromatography (SEC) buffer (50 first concentrated using StrataClean resin (5 μl ml -1 ) (Stratagene) as previously described (24) 181 prior to gel loading. All samples were adjusted to maintain equivalent loading in all gels.
182
The identity of RadA and RadB proteins was confirmed using MALDI- smaller protein, due to lack of a RadA-equivalent N-terminal domain (NTD) (Fig. S1c) .
224
Along with a characteristic negative charge distribution on the protein surface, a distinct preference 225 for certain amino acids is also a hallmark of halophilic proteins. This is apparent in Hvo RadA as 226 a comparative increase in the acidic residue, aspartate, which is the most common adaptation 227 relative to mesophilic and thermophilic counterparts (Fig. S2) the N-terminal and ATPase domains (Fig. 1a) although, unlike other RadA proteins, an extensive 239 insertion loop found only in the Hvo RadA sequence (159-182) is also apparent (Fig. 1a and Fig.   240 S1b). and L2 motifs, suggesting their retention may be related to involvement in DNA-binding.
250
The large insertion sequence seemingly unique to Hvo RadA (residues 159-182) is of potential 251 interest ( Fig. 1 and Fig S1b) . Given the lack of homology to other family members the 252 conformation of the modelled loop remains speculative but it can be assumed that it is positioned 253 on the face of the molecule as indicated in Fig. 1 RadA (~40 kDa) and RadB (~25 kDa) (Fig. 2) were expressed in E. coli and were principally purified in buffers containing 1M NaCl, therefore 282 this concentration was maintained in this study.
283
IMAC was used as a first step for the purification of His-tagged RadA and un-tagged RadB using 284 a cobalt-based metal affinity resin. The cobalt-based resin was observed to bind His-tagged 285 halophilic RadA protein with a higher specificity compared to nickel-based resins, reducing non-286 specific binding of host proteins (data not shown).
287
Co-eluted His-tagged RadA and un-tagged RadB proteins were observed at a similar ratio as before 288 at their expected molecular mass positions by SDS-PAGE analysis (Fig. 2b) , indicating specific 289 interaction. Eluted fractions were subsequently subjected to SEC for further purification and to
290
provide an initial indication of the stoichiometry of RadA-RadB interaction. Both proteins eluted 291 together as a complex of~370 kDa across the elution range of 120-170 mL (Fig. 3a) . No difference 292 13 in protein ratio was apparent in any elution fraction suggesting that complex formation may be 293 constrained by a particular stoichiometric configuration (Fig. 3b) forms an octameric ring bound to DNA (33). Since Hvo RadA-RadB is consistently purified as a 319 large~370 kDa stable complex, some form of RadA oligomerization is clearly indicated.
320
Preliminary densitometric analysis of co-purified RadA and RadB protein bands estimates the ratio 321 of RadA co-purified with RadB to be 4:1. Therefore the observed~370 kDa RadA-RadB SEC 322 complex would most closely correspond to eight molecules of RadA in complex with two 323 molecules of RadB although this estimation is limited by the resolution of the S200 SEC column 324 employed in this study.
325
Subsequent electron microscopy observation of our purified Hvo RadA-RadB protein complex 326 confirms that Hvo RadA-RadB complex also possesses a tendency to self-associate into 327 multimeric structures in the absence of DNA (Fig. 4) . In order to distinguish protein structures 328 from electron microscopy (EM) artifacts resulting as a consequence of high salt levels, several 329 control grids were prepared and imaged with either buffer only or buffer plus stain at 100,000X 330 magnification. The images captured showed ring-like structures throughout the field which 331 suggests that Hvo RadA-RadB complex in its native state similarly exists as a ring-like structure 332 (Fig. 4) . The expression and purification of halophilic proteins, particularly from heterologous host 337 overexpression systems presents several challenges, principally due to the particular 338 physicochemical properties of these proteins which constrain conventional approaches. forces between the acidic residues lead to unfolding and inactivation of the protein (28). in halophilic proteins ( Fig. 1 and Fig. S1 ). The abundance of acidic amino acids such as aspartate maintained to enable direct DNA-binding (Fig. 1a) .
375
The failure to observe DNA binding activity in Hvo RadA across a range of methods (refer to 376 supplementary text, Fig. S3 and complex showed that RadA-RadB also multimerizes into ring-like structures, which we consider 396 may be of the order of a heptamer or octamer (Fig. 4) 
